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Methods

Study Design and Eligibility Criteria
A matched case-control design was applied to a predetermined stroke cohort admitted to a university hospital. Patients with ischemic stroke who were hospitalized within 1 week of onset between May 2007 and March 2011 and had acute ischemic lesions on diffusion-weighted imaging were identified from a prospective stroke registry database. Those who underwent neuropsychological tests (Korean Vascular Cognitive Impairment Harmonization Standards: Neuropsychology Protocol [K-VCIHS-NP]) 9 ≥3 months after stroke onset were included. Patients who had prestroke cognitive impairment, a history of dementia or major depression based on medical records, or hearing difficulty, poor cooperation, or neurological deficits such as severe aphasia or motor weakness to a degree that would preclude neuropsychological testing, were excluded ( Figure 1 ; Methods in the online-only Data Supplement). The premorbid cognitive impairment was defined as ≥3.6 in the Korean version of Informant Questionnaire on Cognitive Decline in the Elderly score, 10 which was performed as a part of VCIHS-NP.
Subject Selection and Matching
Among patients who met the above criteria, those who showed cognitive impairment in ≥2 domains of the K-VCIHS-NP including memory, and whose Korean Instrumental Activities of Daily Living score was ≥0.43, 11 were defined as PSD cases. 12 Cognitive impairment was defined as a score of less than the seventh percentile (approximately mean − 1.5 SD) for age and education-corrected reference scores in each domain-specific test. Controls were selected from those who met all the same eligibility criteria as cases but did not show cognitive impairment in any domain of the K-VCIHS-NP and had a Korean Instrumental Activities of Daily Living score <0.43.
Each PSD case was matched to 2 controls with the SAS 9.3 macro %match for age (±3 years), level of education (±3 years), and National Institutes of Health Stroke Scale (NIHSS) score on admission (±1).
The local institutional review board approved the study protocol and allowed it to be conducted without patients' consent because of its retrospective nature and minimal risk to participants.
Neuropsychological Assessment
The K-VCIHS-NP was adapted from the 60-minute neuropsychology protocol of the VCIHS proposed by the National Institute of Neurological Disorders and Stroke and the Canadian Stroke Network. 13 It assesses 4 cognitive domains (frontal executive, language, visuospatial, and memory) with 8 cognitive tests. All tests and scales were validated and standardized for the Korean language. Detailed information on methods and validation of the Korean versions is presented in the Methods in the online-only Data Supplement.
Data Collection
Information on demographics, vascular risk factors, stroke characteristics, and other clinical and neuroimaging-related factors was obtained from the stroke registry database 14 or by reviewing the electronic records of our institution and the Picture Archiving and Communication System (Infinite G3, Infinite Healthcare; Seoul, Republic of Korea). Detailed protocols and acquisition parameters for magnetic resonance images are described in the Methods in the online-only Data Supplement. Fluid-attenuated inversion recovery imaging sequence MRI was additionally performed between 5 and 7 days of hospitalization after initial diffusion-weighted imaging and fluid-attenuated inversion recovery imaging to confirm the final infarct size and location. 
Image Preprocessing and Cumulative Lesion Maps
To generate cumulative lesion maps, we used the custom-written software Imaging software for Quantitative Neurovascular lesion Assessment (Image_QNA) 15 for semiautomatic segmentation and transfer of stroke lesions onto a common brain template (ch2better). Acute stroke lesions captured using follow-up fluid-attenuated inversion recovery imaging sequences in reference to initial diffusion-weighted imaging were segmented and registered on the templates. Detailed information on the cumulative lesion map is presented in the Methods in the online-only Data Supplement.
Assessment of Acute Ischemic Lesions
We characterized acute ischemic lesions according to 6 measures: involvement of (1) cholinergic pathways and (2) hubs of the DMN, CEN, or SN; (3) cortical versus subcortical location; (4) lesion volume (cubic centimeter); (5) laterality; and (6) multiplicity.
Assessment of Cholinergic Pathway Involvement
Cholinergic pathway involvement was determined using the established Cholinergic Pathways HyperIntensities Scale (CHIPS) 3 with some modification. CHIPS were rated in the 4 index magnetic resonance axial images, which were termed low external capsule, high external capsule, corona radiata, and centrum semiovale according to the major anatomic landmarks of each index magnetic resonance image ( Figure I in the online-only Data Supplement and Figure 2 ). On those reference images, the cholinergic pathways were visualized based on the original immunohistochemistry study in reference to surrounding anatomic landmarks such as the external capsule, claustrum, and cingulate cortex (Methods in the online-only Data Supplement).
We simplified CHIPS scoring by dichotomizing involvement of each predetermined region of the cholinergic pathway by the acute ischemic lesions instead of using severity scores of the original CHIPS. Each patient's lesion map was overlaid with templates for CHIPS with 50% transparency using Adobe Photoshop CS5 (Adobe Systems Inc; San Jose, CA) to identify the involvement of CHIPS by stroke lesions. We coded one if there were any stroke lesions in the prespecified cholinergic pathway of each index slice, and weighted numbers for each index image were given as the original CHIPS 3 considering the cholinergic fiber density: weighted number 4 for the most densely packed fibers of low external capsule and 1 for the panningout fibers of centrum semiovale. Total scores were summed for both sides, resulting in scores ranging from 0 to 30 (Table I in the onlineonly Data Supplement) .
Assessment of Neural Network Involvement
For the functional neural networks, we investigated the DMN, CEN, and SN. 7 The involvement of each network was coded as 0 or 1: 0 for none of the corresponding hubs, 1 for any of these locations. The involvement of each hub was decided based on the lesion maps according to the corresponding Montreal Neurological Institute coordinates in the published studies, as well as anatomic landmarks such as characteristic cortical or subcortical structures (Table II in the online-only Data Supplement). We drew 10-mm-diameter regions of interest for each hub region. Some regions, such as the hippocampal formation and insular region, could be identified easily. For the inferior parietal lobule or posterior parietal cortex, we identified each region using prespecified Montreal Neurological Institute coordinates from the literature and neighboring gyri and sulci in the common templates and superimposed them onto each patient's MRI (Methods in the online-only Data Supplement).
For better visualization, cutaway images for the 3 representative network hubs in Figure 3 were generated by MRIcron software (http://www.mccauslandcenter.sc.edu/mricro/mricron/).
Assessment of Other Neuroimaging Variables
Other measures for acute stroke lesions (cortical versus subcortical locations, lesion volume, laterality, and multiplicity) were also investigated. Characteristics of chronic lesions (white matter hyperintensities, chronic cortical infarcts, lacunar infarcts, microbleeds, medial temporal lobe atrophy, and cerebral atrophy index) were coded as covariates. Details are described in the Methods in the online-only Data Supplement.
Inter-Rater Reliability
Two independent raters (J.-S.L. and M.U.J.) who were blinded to case allocation coded all neuroimaging-related variables, and intrarater 
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and inter-rater reliability were determined. κ and intraclass correlation coefficients were between 0.80 and 1.00 for each variable.
Statistical Analysis
Before matching, Student t tests were used for continuous variables, and χ 2 tests and Fisher exact tests were used for categorical variables. After matching, conditional logistic and exact conditional logistic regression analyses were performed. Variables for adjustments in regression models were chosen based on their P values (<0.20) in comparisons of the cases and matched controls and the current evidence about their associations with PSD in the literature. Because of the limitation of a small sample size, variables for adjustments were grouped according to their clinical meanings, and 5 models were developed with each group of covariates (Methods in the online-only Data Supplement). Statistical analyses were performed with SAS version 9.3 (SAS Institute Inc; Cary, NC), and a 2-sided P value <0.05 was considered as the minimum level of statistical significance. 
Results
Among the patients with acute ischemic stroke who were hospitalized during the study period, 428 patients underwent VCIHS-NP at 3 months or later from symptom onset. Patients without VCIHS-NP were more likely to have higher baseline NIHSS score, hyperlipidemia, and history of stroke compared with those with VCIHS-NP (Table III in the online-only Data Supplement). Among 428 patients, 76 cases and 173 controls met the study criteria (Figure 1) . Comparisons of the unmatched cases and controls are presented in Table IV in the online-only Data Supplement. Compared with controls, cases were more likely to be older and have atrial fibrillation, history of stroke, and more severe stroke on admission and less likely to be educated.
After matching for age, education, and NIHSS score on admission, 38 cases and 66 controls were ultimately enrolled. Using a prespecified matching algorithm, 28 cases were matched with 2 controls, and 10 cases were matched with 1 control. Although the imbalance of matching variables between cases and controls was mitigated, there were significant differences in clinical and neuroimaging variables between cases and matched controls ( Table 1) . Multiple lesions and left hemisphere involvement were more frequently observed in cases compared with controls, and lesion volume was larger in cases than in controls.
CHIPS scores were significantly higher in cases than in controls (2.2±2.9 versus 0.9±1.4; P=0.01). The cholinergic pathway, DMN, and CEN were more frequently involved in cases, but the SN was not (Table 1) . Those associations remained significant after adjustments for each group of confounders (Methods and Table V in the online-only Data Supplement; Table 2 ). Among the clinical and neuroimaging variables, history of stroke, lacunes, deep white matter hyperintensities, left hemisphere involvement, and lesion volumes were associated with PSD in the various multivariable models.
As for the detailed lesion locations in the cholinergic pathway, the left corona radiata was the most commonly involved location in cases, followed by the left centrum semiovale (Table VI in the online-only Data Supplement). Among major hub locations, hippocampal formation and posterior parietal cortex involvement were more common in cases than in controls. Cumulative lesion maps supported those observations (Figures 2 and 3 ).
For the neuropsychological construct of the cases after matching, memory was impaired (less than the seventh percentile) in all patients, frontal executive function in 89.5%, visuospatial function in 78.9%, and language in 63.2%. About 47.4% of cases showed impairments in all 4 cognitive domains, 36.8% showed impairments in 3 domains, and 15.8% showed impairments in 2 domains.
Discussion
Our findings suggest that the disruption of neural networks by acute ischemic stroke may contribute to the development of PSD. The involvement of cholinergic pathways and major hubs of neural networks were more frequent in the PSD group than in the control group, even after adjusting for potential confounders. The major differences in lesion locations between cases and controls occurred in the hippocampal formation, posterior parietal cortex, and left corona radiata.
This exploratory work is novel in that it examined strategic neural correlates of PSD in the light of recent developments of brain-behavior relationships, highlighting the importance of the cholinergic pathways and functional network hubs discovered with resting-state functional MRI. Mounting evidence suggests that human cognitive functions result from interactions and communications among brain regions comprising large-scale networks. 16 However, these approaches were largely focused on various neurodegenerative dementias. 7, 16 Although it is reasonable to explain the pathogenesis of PSD with disruption of large-scale networks by stroke lesions, there are few studies about the integrity of these networks in PSD.
Our results showed that stroke lesions occurred in the cholinergic pathway in 60.5% of cases compared with 39.4% of controls, and this difference was reflected by the difference in the CHIPS scores. Among various regions of CHIPS scoring, the differences between cases and matched controls were prominent in the left corona radiata, which might constitute the capsular divisions of the lateral cholinergic pathway. 2 Although the corona radiata is not the conventional location for strategic infarction, stroke lesions of the corona radiata were suggested to interrupt the connections between the basal forebrain and remote cortical areas, and ultimately lead to the development of multi-infarct dementia. 2 In fact, cortical cholinergic denervation has been observed in multi-infarct dementia 17 and was also suggested as a pathophysiology of other neurodegenerative dementias, such as AD or Parkinson disease dementia. 6, 18 Our results showed that cases had stroke lesions in the DMN ≈5-fold more frequently than matched controls. The DMN is known to be involved in self-referential mental activity, including autobiographical memory, 7 and overlapped with networks active in episodic memory tasks. 19 Reduced connectivity in the DMN has been reported in AD and mild cognitive impairment. 19, 20 No direct evidence for the role of DMN in PSD has been published. Only a few studies have suggested that the DMN is disrupted in patients with vascular cognitive impairment 21 and subcortical vascular mild cognitive impairment. 22 Among the various hubs of the DMN, both hippocampal formations were frequently involved. On the contrary, damage to the posterior cingulate cortex, which is the main hub of the DMN, was rare in both cases and controls; it may be explained in part by that the posterior cingulate cortex is supplied by the anterior cerebral artery, and its occlusion is infrequently observed in patients with stroke (Table VI in the online-only Data Supplement). 23 Studies of AD or mild cognitive impairment showed that the frontal executive network is altered in AD, and this change is associated with clinically observed executive dysfunctions. 24 However, the exact role of the CEN in PSD had not yet been described. In the present study, 90% of cases showed frontal dysfunction on neuropsychological tests, and 26% of cases had stroke lesions in the CEN. Only 6% of controls had stroke lesions in the CEN.
Among various cortical hub regions of the CEN, we found that damage to the posterior parietal cortex was significantly associated with PSD. The posterior parietal cortex is mainly related to spatial perception 25 and selective attention during multiple lines of sensory input, together with prefrontal
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cortex. 26 However, we did not find an association between PSD and prefrontal cortex damage. Infrequent involvement of the prefrontal cortex was observed in both cases and controls (Table VI in the online-only Data Supplement).
The SN is essential for dissociating the most pertinent stimuli among internal and external stimuli for deciding behavior. 7 Involvement of the SN may be useful for differentiating among various neurodegenerative dementia syndromes. 16 However, in our results, the frequencies of stroke lesions in the hubs of the SN were not significantly different between cases and matched controls.
Our study differed from previous ones in terms of the classification of lesion locations and the cognitive assessment tools. The usual methods of classifying lesion locations used in previous studies were cortical versus subcortical, laterality, multiplicity, and number and size of lesions. 8, 27 A recent Furthermore, we adopted the recently proposed VCIHS-NP for the evaluation of cognitive function. 13 Previous studies about PSD have used cognitive assessment tools with a limited number of domains. 8, 27 VCIHS-NP was proposed to systematically evaluate the cognitive function of patients with vascular cognitive impairment. This also could be another reason that our study showed different results from the previous ones.
This study has limitations. First, the small sample size did not allow us to simultaneously adjust all the potential confounders, and the possibility of inadequate adjustment or residual confounding remains. We matched for NIHSS score on admission to overcome the imbalance in stroke severity between cases and controls, but it should be noted that NIHSS score is weighted more for sensorimotor severity than cognitive deficits. Furthermore, the imbalance in lesion volume continued despite severity matching. Although the associations between neural network disruptions and PSD remained significant after adjusting for lesion volume, we could not exclude the possibility that larger lesions disrupt more network nodes and interconnections, thus posing a greater risk for dementia. Lesion multiplicity might have an additive volume effect and contribute to the development of PSD through multiple network disruption. The possibility of residual confounding or inadequate adjustments for other pre-existing brain injury shown by brain imaging should also be noted.
Second, we presented cumulative lesion maps rather than functional MRI data. For this reason, we should be cautious about using the term, 'disrupted networks. ' We inferred functional network disruption based on the existence of acute ischemic lesions in the constituents of CHIPS or the major hub cortical regions of each network. Hence, it may be more reasonable to refer to disrupted nodes or connectivity than disrupted networks. Nevertheless, we hope this will stimulate future research into network disruption using resting-state functional MRI and diffusion tensor imaging.
Last, because of the limitation of visual measurement, our methods may not be specific to cholinergic pathway. Neural pathways might be necessarily intermingled with other corticocortical and projection fibers. Thus, the exact scoring of involvement of specific pathways may be challenging. Although we strictly adhered to the previous methods designed to preclude any arbitrary delineation of cholinergic pathways, 2,3 the possibility of overlapping with other multimodal association pathways should be also considered.
In conclusion, our results suggest that acute ischemic stroke-mediated disruption of cholinergic pathways and major hubs of large-scale networks may result in the development of clinically significant dementia after stroke.
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Neuropsychological Assessment
The K-VCIHS-NP (Korean Vascular Cognitive Impairment Harmonization Standards: Neuropsychology Protocol) was adapted from the 60-min neuropsychology protocol of the VCIHS proposed by the National Institute of Neurological Disorders and Stroke and the Canadian Stroke Network. 1 9 for assessing the patients' pre-morbid history of cognitive dysfunctions, KoreanInstrumental Activities of Daily Living (K-IADL) 10 , and Geriatric Depression Scale 11 were also included. All the cognitive tests and questionnaires were validated and standardized in Koreans.
Trained clinical psychometricians, who were blinded to the clinical and neuroradiological profiles of each patient, administered the series of tests and questionnaires. A score on each cognitive test was transformed into a standardized z score. Cognitive impairments in language, visuospatial function, or memory domains were defined as a score of less than the 7th percentile (≈mean-1.5 standard deviation) for age and education-corrected reference scores in each domain-specific test. Cognitive impairment in the frontal executive domain was defined as a score of less than the 7th percentile in 2 or more of the 5 frontal domain-specific tests.
ADL impairment was assessed using the K-IADL. 2, 10 The raters were requested to evaluate functional status independently of physical ADL. If the patient had hemiparesis, some items of IADL were not scored. In that case, we have used the average value of all scored items in IADL as the final score for subsequent analysis. This method was the same one that used in the previous studies to assess functional status of post-stroke patients. 2, 12 Not all of stroke patients but those who were available for long-term follow-up, seemed to be at high risk for dementia, and had good compliance have been assessed by the VCIHS-NP. Patients with hearing difficulty, poor cooperation, or neurological deficits such as motor aphasia or motor weakness to a degree that would preclude neuropsychological testing were not included (Supplemental Table III) .
Magnetic Resonance Imaging
A 3.0-Tesla magnetic resonance imaging scanner (Achieva, Philips Healthcare, Eindhoven, The Netherlands) was used for this study. The MRI protocols consisted of diffusion-weighted imaging (DWI), axial T1-and T2-weighted spin echo, fluid-attenuated inversion recovery imaging (FLAIR), gradient-echo imaging, and coronal T1-weighted spin echo imaging. FLAIR imaging was obtained using a fast-spin echo sequence. Acquisition parameters for FLAIR images were set as follows: repetition time, 11,000 ms; echo time, 125 ms; inversion time, 2,800 ms; slice thickness, 5 mm; intersection gap, 1 mm; matrix, 512 x 512; flip angle 90 degree. DWI imaging was obtained using an EPI-spin echo sequence. Acquisition parameters for DWI images were set as follows: repetition time, 5,000 ms; echo time, 50 ms; diffusion b-value 1,000; slice thickness, 5 mm; intersection gap, 1 mm; matrix, 256 x 256; flip angle 90 degree.
Image Preprocessing and Cumulative Lesion Maps
Acute stroke lesions captured using follow-up FLAIR and initial DWI sequences were segmented and registered on the templates. For patients who could not undergo follow-up FLAIR, we used initial DWI alone to define acute lesions. The original MR images were normalized, and regions of interest for the segmentation of stroke lesions were drawn semiautomatically as guided by lesion growing/shrinking methods using Image_QNA. Through mesh-warping algorithm and linear interpolation, the segmented stroke lesions were automatically mapped to the brain templates. 13 At the end of this process, the results were visually re-examined to verify registration precision.
Assessment of Stroke Lesions: Cholinergic pathway
According to immunohistochemistry study, cholinergic pathways in human brain originate from basal forebrain and project to diffuse cortical areas through medial and lateral cholinergic pathways. 14 Lateral cholinergic pathways go through the external capsules and claustrum, which relays to centrum semiovale, and finally supply neocortical regions. Meanwhile, medial cholinergic pathways pass through cingulum and supply the cingulate, pericingulate, and retrosplenial cortices. 14 Based on the immunohistochemistry study, visual rating scale was suggested for white matter hyperintensities (WMH) of the cholinergic pathways determined using conventional MRI. Bocti et al scored 0 ~ 2 points for the anterior and posterior parts of cholinergic pathway of each index image according to WMH severity (2 points for the extent of WMH > 50% involvement). Weighted numbers for each index image were given considering for the cholinergic fiber density; weighted number 4 for the most densely packed fibers of low external capsule and 1 for the panning-out fibers of centrum semiovale. Total scores were summed for both sides. 15 We simplified CHIPS scoring by determining involvement of stroke lesions in each predetermined region the cholinergic pathway. Lesion map of each patient was overlaid with templates for CHIPS with 50% transparency using Adobe Photoshop CS5 (Adobe Systems incorporated, San Jose, CA, USA) to identify the involvement of CHIPS by stroke lesions. We coded 1 if there were any stroke lesions in the prespecified cholinergic pathway of each index slices, resulting in a total score from 0 to 30 (Supplemental Table I ).
Assessment of Stroke Lesions: Neural Networks
The hub locations for DMN were as follows: ventral medial prefrontal cortex (vMPFC), dorsal medial prefrontal cortex (dMPFC), posterior cingulate/retrosplenial cortex (PCC/Rsp), inferior parietal lobule (IPL), lateral temporal cortex (LTC), hippocampal formation (HF; hippocampus proper, entorhinal cortex, and surrounding parahippocampal cortex). 16 17 As for CEN, dorsolateral prefrontal cortex (DLPFC) and posterior parietal cortex (PPC) were coded for the decision of involvement. 18 For SN, anterior insula (AI) and anterior cingulated cortex (ACC) were corresponding hub locations of SN. 18 The ch2better templates are MNI-familiar templates, and MRIcro provide MNI/Talairach coordinates for ch2better templates. However Image_QNA did not support MNI coordinates. Thus we save each transformed MRI images as .bmp files and overlaid it with 50% transparency onto MRIcro-generated templates with ROI-marking using Adobe Photoshop CS5 (Adobe Systems incorporated, San Jose, CA, USA). Thereafter, we identified involvement of each location of cortical hubs in ch2better templates by superimposed images with stroke lesions.
Assessment of Stroke Lesions: Cortical/Subcortical, Laterality, Multiplicity, Lesion Volume
Cortical location was defined as stroke lesions involving areas corresponding to cortical ribbon on FLAIR images. 19 Subcortical location was designated as stroke lesions not extending into the cortex. The laterality and multiplicity of stroke lesions were also coded as left or right, single or multiple lesions, respectively. Lesion volume was estimated by semi-automated volume acquisition by MIPAV (version 5.3.4 CIT, NIH, Bethesda, MD). Final infarction on follow-up FLAIR images, which were usually performed at the 5-7th day of hospitalization, was semi-automatically delineated with level-set ROI selection tool in MIPAV and total lesion volume was calculated using VOI Statistics, the embedded toolbox of MIPAV.
Assessment of Chronic Neuroimaging Variables
Chronic neuroimaging-related variables were categorized as follows: 1) WM hyperintensities were coded in the periventricular WMH and deep WMH separately according to modified Fazekas and Scheltens grading. 20 21 2) Lacunar infarctions were recorded for their numbers and locations in each subject. 22 Perivascular spaces located at the level of the anterior commissure or less than 3 mm in diameter were excluded. 3) Chronic infarctions were classified into cortical and subcortical infarcts with the same criteria used as for acute lesions on DWI. 4) Cerebral microbleeds were assessed for their presence, number, and location. 23 Their locations were classified as 4 lobar regions (frontal, parietal, temporal, and occipital) and 2 non-lobar regions (basal ganglia including thalamus, infratentorial). 5) Medial temporal lobe atrophy (MTA) was coded using coronal T1 with Scheltens visual rating scale, 24 and dichotomized into negative (0-1) and positive (2-4). 6) Cerebral atrophy index was calculated for the evaluation of general cerebral atrophy. 25 In brief, brain was extracted in T1 scan using Brain Extraction Tool in fsl software (the Functional MRI of the Brain Software Library, http://www.fmrib.ox.ac.uk/fsl). 26 Segmentation was done for the gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using FAST in fsl. 27 Lastly, the volumes of each segment were estimated using UNIX terminal command line, 'fslstats' with -m and -v options. Intracranial volume (ICV) which summed up the volumes of GM, WM, CSF was estimated, and then brain volume was calculated as the sum of GM and WM. Finally, CAI was calculated from the following equation: Cerebral atrophy index = (ICV -brain volume)/ICV.
Statistical analysis
Covariates were grouped for the adjustment in multivariate analysis because of limited sample size. Up to 4 variables were added to one multivariate logistic regression model. Variables were grouped as clinical variables (sex, diabetes, smoking, history of stroke), premorbid cerebrovascular changes (microbleeds, lacunar infarctions, periventricular WMH, deep WMH), premorbid neurodegenerative changes (dichotomized MTA, cerebral atrophy index), lesion characteristics (left hemisphere, multiple, cortical lesions), and lesion burden (lesion volume). 
Supplemental
